The polypeptide composition of the phycobilisome, the major light-harvesting complex of prokaryotic cyanobacteria and certain eukaryotic algae, can be modulated by different light qualities in cyanobacteria exhibiting chromatic adaptation. We have identified genomic fragments encoding a cluster of phycobilisome polypeptides (phycobiliproteins) from the chromatically adapting cyanobacterium Fremyella diplosiphon using previously characterized DNA fragments of phycobiliprotein genes from the eukaryotic alga Cyanophora paradoxa and from F. diplosiphon. Characterization of two A-EMBL3 clones containing overlapping genomic fragments indicates that three sets of phycobiliprotein genesthe a-and j3-allophycocyanin genes plus two sets of a-and j3-phycocyanin genes-are clustered within 13 kilobases on the cyanobacterial genome and transcribed off the same strand. The gene order (a-allophycocyanin followed by (3-allophycocyanin and ,B-phycocyanin followed by a-phycocyanin) appears to be a conserved arrangement found previously in a eukaryotic alga and another cyanobacterium. We have reported that one set of phycocyanin genes is transcribed as two abundant red light-induced mRNAs (1600 and 3800 bases). We now present data showing that the allophycocyanin genes and a second set of phycocyanin genes are transcribed into major mRNAs of 1400 and 1600 bases, respectively. These transcripts are present in RNA isolated from cultures grown in red and green light, although lower levels of the 1600-base phycocyanin transcript are present in cells grown in green light. Furthermore, a larger transcript of 1750 bases hybridizes to the allophycocyanin genes and may be a precursor to the 1400-base species.
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In prokaryotic cyanobacteria and eukaryotic red algae, phycobilisomes are macromolecular complexes that harvest light energy and transfer this energy to the photosynthetic reaction centers (1) . They can provide 30-50o of the lightharvesting capacity of the cells and can comprise 60% of the total soluble protein (2) . Although functionally analogous to light-harvesting chlorophyll-protein complexes in higher plants, the phycobilisome is water soluble and only peripherally associated with photosynthetic membranes. The complex is composed of chromophoric and nonchromophoric polypeptides arranged into two domains: a central core anchored to the photosynthetic membranes and rods that radiate from the core (3, 4). There are three major chromophoric proteins (phycobiliproteins) in the phycobilisomeallophycocyanin (APC), phycocyanin (PC), and phycoerythrin-as well as nonchromophoric linker polypeptides that maintain the structure and allow efficient energy transfer among the components of the complex (5) . Each phycobiliprotein is composed of two related subunits, a and ,B, to which one or more tetrapyrole chromophores are attached (4) , conferring upon each phycobiliprotein a characteristic light-absorption and emission spectrum. Amino acid (6) (7) (8) (9) (10) (11) (12) (13) and DNA (14) (15) (16) sequence data show considerable sequence conservation among the various phycobiliproteins (APC, PC, and phycoerythrin) as well as between the a and P3 subunits of a given phycobiliprotein. These findings suggest that phycobiliprotein genes arose via duplications of an ancestral sequence (8) .
By a mechanism termed complementary chromatic adaptation (2) , certain cyanobacteria can modulate PC and phycoerythrin levels, enabling them to maximize absorption of prevalent wavelengths of light. At least two different sets of PC subunits are present in phycobilisomes isolated from such organisms grown in red light while only one set is found in phycobilisomes from cells grown in green light (17) . We have characterized in Fremyella diplosiphon a PC gene set (a-and ,-subunit genes) whose mRNAs are very abundant in cells maintained in red light but not detectable in cells maintained in green light (18) . In this report, we describe the use of phycobiliprotein gene probes (18, 19) for the isolation, mapping, and transcriptional characterization of F. diplosiphon genomic fragments encoding two sets of PC subunits and one set of APC subunits. (20) in an atmosphere of 5% C02/95% air and illuminated at 40 microeinsteins-m 2 S-1 (1 einstein = 1 mol of photons). F. diplosiphon genomic DNA was cloned into XEMBL3 (21) ; Escherichia coli strains Q358 and Q359 were used to grow nonrecombinant and recombinant phage, respectively (21) . Fragments were inserted into pUC8 (22) and into the M13 vectors mpl8 and mpl9 (23) and transformed into E. coli strains JM83 (22) 
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phosphatase (following the specifications of the supplier) before ligation into X-EMBL3.
Phage and phage DNA were purified according to Maniatis et al. (25) . DNA was ligated (ref. 21 , specifications of the supplier) at 200 ug/ml, and various molar ratios of X arms to insert from 1:1 to 4:1 were used. The ligated DNA was packaged using a commercial packaging extract (Packagene, Promega Biotec, Madison, WI) as specified by the supplier. Recombinant phage, selected as spi-, were screened directly without amplification.
Screening of X Library. X-EMBL3 phages containing F. diplosiphon genomic DNA were screened by plaque hybridization (26) with the following DNA sequences encoding phycobiliprotein genes: a 1.4-kb fragment encoding a-and p-APC from Cyanophora paradoxa (19) , a 0.8-kb fragment encoding predominantly P3-PC from C. paradoxa (27) , and a 3.8-kb fragment encoding a-and f3-PC from F. diplosiphon (18) . Two clones, which hybridize to phycobiliprotein sequences designated 37 and 4-10, were characterized in detail.
Southern Hybridizations and Restriction Mapping. DNA from clones 37 and 4-10 was isolated (25) , digested with restriction enzymes (Sal I, HindIII, EcoRI, and Pst I) (following specifications of the supplier), and electrophoresed on a 0.8% agarose gel in TEA buffer (0.04 M Tris-acetate, 0.002 M EDTA, pH 8.0) (25) , and the restriction fragments were transferred to nitrocellulose (25) . DNA fragments used as hybridization probes were radiolabeled by nick-translation using DNA polymerase I and [a-32P]dCTP (25) . Hybridizations were performed, and filters were washed as described (18) . Regions of homology to the phycobiliprotein gene probes were then mapped by restriction analysis.
Subcloning of Phycobiliprotein Genes from X-EMBL3 Clones. DNA from clone 4-10 was digested with EcoRI and electrophoresed on a 0.8% agarose gel in TBE buffer (0.089 M Tris'borate, 0.089 M boric acid, 0.002 M EDTA, pH 8.0) (25) . The region of the gel containing a 4.1-kb fragment was excised, and the DNA was electroeluted and ligated into pUC8 that had been digested with EcoRI and treated with alkaline phosphatase. Plasmid DNA from transformants (22) (Lac-phenotype) was isolated (25) , digested with EcoRI, electrophoresed on a 0.8% agarose gel, transferred to nitrocellulose, and hybridized with the 0.8-kb DNA sequence from C. paradoxa encoding p-PC. A positively hybridizing clone was used for restriction analysis and sequencing. A 3.45-kb EcoRI fragment from clone 37 containing the a-and P-APC genes was subcloned in a similar manner. Subcloning of the 3.8-kb HindIll fragment encoding the "inducible" PC gene set has been described (18) .
Sequencing of Phycobiliprotein Genes. The 4.1-kb EcoRI fragment was digested with HindIII, ligated into mpl8 DNA, and transformed into JM101 (28) . Plaques containing the phycobiliprotein genes were identified by hybridization to either a P-PC-specific probe (19) or a fragment encoding mostly a-PC from C. paradoxa (insert from pCPC 2368) (27) . The 3.45-kb EcoRI fragment was digested with Pst I and ligated into mpl8 and mpl9. Resulting plaques were screened with a-and p-APC-specific probes (two Msp I fragments, 0.9 and 0.5 kb, generated from the 1.4-kb C. paradoxa fragment encoding APC). The 3.8-kb HindIII fragment, contained within clone 37 and encoding a-and p-PC (18) , was digested with Pst I and cloned into mpl8 and mpl9. Template preparations, dideoxy-sequencing reactions, and gel electrophoresis were carried out according to Messing (28) .
Hybridizations with RNA. RNA was isolated, and samples were electrophoresed as described except the cells were pressed through a French pressure cell (1500 psi; 1 psi = 6.89 kDa) immediately following resuspension in guanadine HCl (18) . The 4.1-kb EcoRI fragment was radiolabeled by nicktranslation and hybridized to RNA isolated from F. diplosiphon grown in either red or green light (18) . A single-stranded mpl8 clone encoding a-APC, the intergenic region, and the amino terminus of P-APC was used as a template in the synthesis of a labeled complementary second strand according to Church & Gilbert (29) . Prior to use in hybridizations, the reaction mixture was passed over a Sephadex G-50 column that had already been equilibrated with 20 ,ug of tRNA.
RESULTS
Identification and Characterization of X-EMBL3 Genomic
Clones Encoding Phycobiliproteins. Two X-EMBL3 genomic clones (designated 37 and 4-10) that hybridized with DNA fragments encoding phycobiliprotein sequences were further characterized. Fig. 1 shows the results of hybridizations designed to localize and identify phycobiliprotein-related sequences present on X clone 37. An APC-specific DNA sequence from C. paradoxa (19) hybridizes strongly with a 3.5-kb EcoRI fragment, with a 2.95-and a 2.55-kb Pst I fragment, and with a 5.9-kb HindIII fragment from clone 37 DNA (Fig. LA) . The a-APC gene was localized utilizing a 0.5-kb Msp I fragment encoding only a-APC from C. paradoxa (19 (25) , and then the restriction fragments were transferred to nitrocellulose. (A) Autoradiogram of a hybridization to a nick-translated 1.4-kb (BamHI-Bgl II) fragment encoding a-and f3-APC from C. paradoxa (19) . (B) Autoradiogram of a hybridization to a nick-translated 0.8-kb fragment (EcoRI-Pst I fragment) from pCPC4067 encoding all but 17-amino-terminal amino acids of 8-PC and the amino-terminal one-third of a-PC from C. paradoxa (27) . (C) Autoradiogram of a hybridization to a nicktranslated 3.8-kb HindIII fragment encoding the red light-induced PC genes from F. diplosiphon (18) . Hybridizations in A and B were carried out at 550C (=40%o mismatch), while in C, hybridization was at 650C (s30%o mismatch). For all hybridizations, 500,000 Cerenkov cpm of nick-translated DNA were used per filter. Filters were washed as described (27) .
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,/-PC-specific probe hybridizes to two EcoRI fragments (5.9 and 2.0 kb), two Pst I fragments (2.55 and 2.35 kb), and two HindIII fragments (3.8 and 0.95 kb) (Fig. 1B) . The fragments of clone 37 encoding the red light-induced a-and B-PC genes were identified utilizing a previously characterized 3.8-kb fragment from F. diplosiphon encoding those genes (18) . This sequence hybridizes to the 5.9-kb EcoRI fragment, to the 2.35-kb and 2.15-kb Pst I fragments, and to the 3.8-kb HindIII fragment (Fig. 1C) Fig. 2 . These positions were confirmed by sequence analysis (see below). To preclude the possibility of fragment scrambling in the APC region during genomic library construction, two fragments located between the APC and the inducible PC gene sets (Hinfl fragments from the EcoRI-Pst I region, see Fig. 2 ) were hybridized to total genomic DNA. In each of three restriction digests (EcoRI, Pst I, and HindIII), the two Hinfl fragments hybridized to fragments of identical size predicted from the map (data not shown), confirming the contiguous arrangement of the APC and PC genes in the genome.
Identification of Phycobiliprotein Subunit Genes. Sequencing portions of the 3.45-kb EcoRI fragment from clone 37 confirmed the presence of genes encoding a-and /3-APC (apcA and apcB, respectively), and the direction of transcription is as indicated in Fig. 2 .The amino acid sequences of the carboxyl terminus of a-APC and the amino terminus of ,/-APC, derived from the nucleotide sequence, are presented in Fig. 3A . For comparison, the analogous amino acid sequences from a eukaryotic alga, C. paradoxa (16, 19) are shown. The intergenic region is 69 base pairs (bp) with stop codons present in two of the three reading frames. A possible Shine-Dalgarno sequence (30) is located 9 bp upstream from the initiator codon for the /3-APC gene.
We have reported the characterization of the red lightinduced a-and /3-PC gene set (pcyAl and pcyBl, respectively) (18) ; the sequences of the carboxyl terminus of /3-PC, the intergenic region, and the amino terminus of a-PC are a, 4 TCT TRC TTC GAC TTR CGT [jT TGT GCC CTT TCC TAG GTT   RAR GCT GTT TCT GTC GCT ARA ACC GAR GTR TTG CAR TRC GGT TGG AR9 PAR GGA ATT   ARC ART RTG GCT CAR GAC GCR ATT RCC TCT GTC ATC RRC TCT presented here (Fig. 3B) . A second set of a-and /3-PC genes (pcyA2 and pcyB2, respectively), termed "constitutive" based on data presented below, was partially sequenced and sequences of the carboxyl terminus of /3PC, the intergenic region, and the amino terminus of a-PC are shown (Fig. 3C ).
GCT GAR GTT GGT
For both PC gene sets, analogous amino acid sequences from another cyanobacterium, Agmenellum quadruplicatum (14, 15) , are shown for comparison. The intergenic region for the inducible PC subunit genes is 72 bp, whereas that for the constitutive PC subunit genes is 123 bp, and both regions have stop codons present in all reading frames. Possible Shine-Dalgarno sequences are located 10 or 11 bp upstream from the initiator codon for the inducible a-PC gene (Fig. 4B ) and 10 bp upstream from the initiator codon for the constitutive a-PC gene (Fig. 3C) . The direction of transcription is the same (see map in Fig. 2 ) for all three gene sets.
RNA Hybridization Analyses. We have reported that the red light-induced PC gene set is encoded on two mRNA species (3800 bases and 1600 bases) (18) . The more abundant 1600-base species encodes both a-and 1-PC, while the 3800-base message contains additional sequences at the 3' end of these genes that encode at least one inducible linker polypeptide (T.L.L., P.B.C., J. Schilling, and A.R.G., unpublished data). The 4.1-kb EcoRI fragment from clone 4-10 (encoding the second set of PC genes) was hybridized to RNA isolated from F. diplosiphon grown in either red or green light (Fig. 4B) . This fragment hybridizes to a major mRNA species of =1600 bases, a size sufficient to encode both /-and a-PC. We have designated this 4.1-kb PC set "constitutive" and the 3.8-kb PC set "inducible" to be consistent with the original designations of Bryant (17) . The differences (about a factor of 3) in RNA levels between red-and green-grown cultures for the constitutive set indicates that transcription from this gene set is also red light-induced but to a lesser extent than the other PC set. When an a-orl3-APC specific probe is hybridized to RNA from cultures grown in red and green light there .is hybridization to an abundant mRNA species of -1400 bases A B C rg r g rg (29) single-stranded template encoding a-APC, the intergenic region, and the 13-amino-terminal amino acids of P-APC to RNA from cultures grown in red (r) and green (g) light. At least 106 Cerenkov cpm per filter were used in each hybridization. Hybridizations were at 650C (-30%o mismatch). Filters were washed as described (18) . Molecular size standards indicated at the left of the figure (in kilobases, kb) were X DNA digested separately with HindIII, Sal I, and EcoRI.
(sufficient to encode both /8-and a-APC) (Fig. 4C) . A low level of hybridization to a 1750-base transcript is also observed. Both transcripts are present at approximately the same level in RNA from cultures grown in red and green light.
DISCUSSION
We have used heterologous and homologous fragments encoding PC and APC subunits as probes to localize phycobiliprotein genes on the cyanobacterial genome of F. diplosiphon. Genes encoding one set of APC subunits and two sets of PC subunits are clustered on the genome and each gene set is likely to be encoded in a dicistronic message [and, in some cases, multicistronic messages (18)]. Dicistronic messages encoding phycobiliprotein subunits have also been observed for both APC and PC genes in the eukaryotic alga C. paradoxa (19) and for PC genes in the cyanobacterium A. quadruplicatum (14) . Encoding both a and /8 subunits on a single transcript provides a possible mechanism by which the subunits can be synthesized in a 1:1 ratio, the ratio in which they are found in the functional phycobilisome (31) . The cluster of phycobiliprotein genes spans a region of =13 kb from the beginning ofthe structural gene for a-APC to the end of the structural gene for the constitutive a-PC. There are =5 kb between the APC gene set and the inducible PC gene set and =3.5 kb between the inducible and constitutive PC gene sets. The direction of transcription along the cyanobacterial genome of all three gene sets is the same (left-to-right in Fig.  2 ) and, hence, all are transcribed from the same strand. Analysis ofthe sequence in the 5-kb region following the APC gene set reveals a gene for the 9-kDa APC-associated linker polypeptide present in the phycobilisome core (32) ; this DNA fragment hybridizes to a 370-base mRNA and a 1750-base species present in RNA from cultures grown in red and green light (S. Robbins, P.G.L., P.B.C., A.R.G., unpublished data). An oligonucleotide probe specific for the amino terminus of a red light-induced PC-associated linker polypeptide (17) hybridizes to the 3.5-kb region between the two PC gene sets, and analysis of preliminary sequence data from this region reveals amino acid homologies to a PC-associated linker polypeptide (T.L.L., P.B.C., J. Schilling, A.R.G., unpublished data). These findings suggest that additional genes for phycobilisome constituents may be clustered in this region of the cyanobacterial genome.
Both sets of PC genes hybridize well to heterologous fragments encoding most or all of a-or /3-PC, but only the red light-induced PC gene hybridizes under stringent conditions to a 63-bp probe that encodes the second chromophore binding site of/3-PC from C. paradoxa (18) . This suggests that the carboxyl-terminal regions of the two /-PC genes may have diverged. Additional screening of the genomic library with PC-specific probes permitted isolation of an additional X clone containing amino acid sequences homologous to aand /3-PC (data not shown). The relationship of these genes to those already characterized has not been determined.
Both sets of PC genes are transcribed with the /3-PC followed by the a-PC, a conserved arrangement also seen in the eukaryotic alga C. paradoxa (19) and in the cyanobacterium A. quadruplicatum (14) ; the order of transcription of the APC genes, a-APC followed by /3-APC, is also conserved between the eukaryotic alga (19) and F. diplosiphon. All three sets ofgenes have sequences located in the intergenic regions that may serve as ribosome binding sites. The sequence AGGAA occurs 9 and 10 bp upstream of the initiator codon for the /3-APC and a-PC (constitutive) genes, respectively. This same sequence is found 9 bp upstream from the initiator ATG for the /3-APC gene in C. paradoxa (19) . There are two possible ribosome binding sites located 10 and 11 bp upstream of the initiation site for the inducible a-PC gene, but Genetics: Conley et al.
none that are identical to that seen with a-PC (constitutive) and 83-APC. The sequences for these possible ribosome binding sites are similar to those found in other prokaryotic organisms (33) .
It has been proposed, based on amino acid composition and protein analyses, that there are at least two sets of PC genes in certain chromatically adapting cyanobacteria, one constitutively expressed and the other expressed only in red light (17) . Our data represent the first proof that two PC gene sets have distinctly different transcriptional properties. The PC subunits encoded on the 4.1-kb EcoRI fragment are transcribed as a single detectable 1600-base mRNA species present in cultures grown in red and green light (although more abundant in red light by a factor of 3). In contrast, the PC subunit genes on the 3.8-kb HindIII fragment are encoded on two different mRNA species detectable only in RNA isolated from cultures grown in red light (18) . The observed differences in steady-state abundance of both red lightinduced transcripts in red versus green light is probably a result of control by light on the initiation of transcription although differences in message stability cannot be ruled out. Since the transcript levels are different in red and green light for constitutive PC but not for APC, our data indicate that the mRNA levels transcribed from the PC gene set are affected to a limited extent by light quality, whereas the mRNA levels transcribed from the APC gene set are not.
The 1600-base mRNA species that hybridizes with the constitutive PC subunit genes probably encodes only the a and P subunits. The inducible PC genes are encoded in two red light-induced transcripts; one (1600 bases) is only large enough to encode both PC subunits, while the second (3800 bases) contains additional 3' sequences that encode at least one linker polypeptide associated with the inducible PC subunits. Although. there is a linker polypeptide associated with the constitutive PC subunits in the phycobilisome (17) , detectable hybridization of the constitutive PC gene set to a larger mRNA species was not observed. Therefore, if this linker polypeptide is encoded near the constitutive genes, it may be transcribed under the control of its own promoter.
The APC genes hybridize to a 1750-and 1400-base transcript.
The larger transcript is a possible precursor to the 1400-base species plus an abundant 370-base species, the latter encodinlg a small linker polypeptide associated with the core.
